ABSTRACT Wide ocean area surveillance using high frequency surface wave radar(s) is discussed in this paper. Theoretical and practical issues and problems are reviewed. Modeling and simulation challenges such as ionospheric clutter mitigation, ocean clutter, surface wave propagation over multi-mixed paths, EM scattering and RCS characteristics of surface and air targets, and signal detection and tracking are presented.
I. INTRODUCTION
Wide area surveillance (WAS) is important from security to environmental monitoring, agriculture to off-shore oil digging, etc. The surveillance area maybe a garden with a few tens of square meters to air-land-ocean areas up to millions of square kilometers. Although the definitions, terms and concepts of WAS are quite similar the theoretical and practical problems and challenges may totally be different [1] - [6] .
The United Nations 1992 Convention on the Law of the Sea (UNCLOS) gives right to countries with coastal regions to monitor activities in their Exclusive Economic Zones (EEZ). The EEZs extend up to 200 nautical miles (nm) from their shore. There may be isolated or grouped, moving and/or anchored surface targets and low-flying aircraft in EEZs. These targets may be small/large, friend/foe, or military/commercial. Besides the rights, participating countries have the responsibilities such as search and rescue operations, vessel traffic monitoring services; prevention of terrorism, piracy, or smuggling; the protection and management of fisheries; pollutant control and meteorological and oceanographic data collection. The EEZs can be covered by land-based microwave radars but they are limited with the line-of-sight ranges. Even with an elevated radar platform their maximum ranges may be 50-60 km at most. Microwave radars in patrol aircrafts can be used, but this requires three to five aircrafts (well above 20,000 ft) with many hours on station (very expensive). Satellites don't have enough spatial and temporal resolutions to provide this surveillance in real-time.
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Skywave high frequency (HF) radars can be used, but they are expensive and need large installations; moreover, detection of surface targets is still limited in skywave HF radars. It seems that the optimum WAS sensor is HF Surface Wave radar (HFSWR) [3] , [4] . Several dozens of counties with coastal regions have installed and operated SWHFR-based WAS systems for decades [7] - [19] .
HFSWR is a pulse-Doppler sensor. The area of interest is illuminated on transmit with an omni-directional antenna system. Target (and/or clutter) echoes plus environmental noise in the area are received by an antenna array with electronic beam forming and steering capabilities. Detected echoes are sorted according to range, velocity (Doppler), and cross-range (bearing). This is done right after the application of FFT to the time series recorded via coherent integration at each radar cell. Some other signal processing techniques are also used to isolate the target signal from the noise and all other unwanted echoes. Detections are the echoes above a threshold specified by a given constant false alarm rate (CFAR). A tracking algorithm associates successive detections to form tracks.
Large ocean area surveillance in these systems is based on a number of long-range HFSWRs [3] , [4] . In addition to radar data, direct and indirect information are also gathered. Direct identification is obtained by Automatic Dependent Surveillance (ADS) systems [4] . Indirect Identification is based on communications, patrol planes / ships, and mandatory reporting procedures, etc. Tracks derived from HFSWRs are automatically correlated with these direct and indirect information in the data fusion center. The nerve center of the WAS system is the Operations Control Centre (OCC). Remote operation of the HFSWRs, collection of direct and indirect information and data and sensor fusion are done in the OCC [1] , [4] .
A typical WAS region, Eastern Mediterranean, is shown in Fig. 1 . This region is critical not only for the neighboring countries, but also for all countries from USA to China, Germany to Russia, etc., because of its highly rich oil/natural gas reserves. Turkey, with a long-coastal region can monitor this area with a WAS system based on two SWHFRs as pictured in Fig. 2 .
II. MODELING AND SIMULATION CHALLENGES
The WAS systems with HFSWRs necessitate wellunderstanding of several issues which are critical in obtaining high performance from these systems: EM wave -ionosphere and EM wave -ocean wave interactions (i.e., unwanted echoes because of ionosphere and ocean clutters), surface wave propagation over rough ocean surface including land-sea transitions, EM wave -target interaction (i.e., target scattering and RCS), environmental noise, intentional and unintentional interference sources, antenna systems with digital beam forming and beam steering capabilities (i.e., beam synthesis and interpolation), extremely crowded HF spectrum, signal processing aspects such as detection, tracking, classification and identification, and multi-sensor data fusion [2] - [4] . 
A. IONOSPHERIC CLUTTER
Transmit energy of the HFSWRs propagate along the ocean surface, scatter by a target and detected as radar echo.
Unfortunately, some part of the emitted energy is directed upwards and may, under certain conditions, be reflected from the ionosphere (see, Fig. 3 ). Very often, ionosphere-reflected energy is returned to the radar and is detected as ionospheric clutter. This may also be called self-interference. As presented in [4] , E-layer clutter returns may affect ranges between 70 km -130 km, F-layer clutter returns may affect ranges between 200 km -300 km.
The effects of ionospheric clutter are presented in Fig. 4 . Here, typical range profiles (i.e., detected power vs. range for a chosen angle from the radar) are plotted. Here, range variation of the detected power for a chosen angle and for 0 Hz frequency (i.e., for almost stationary targets) from the radar is given. The top figure shows real data recorded in Sep 9, 1999 at 11:00am. The bottom figure belongs the same day data recorded 1hr later. The strong returns between ranges 300 km and 400 km belong to three off-shore oil platforms. They exhibit strong target echoes. E and F layer returns at VOLUME 7, 2019 FIGURE 5. Typical doppler spectra vs. range recorded at 3.6 MHz along a given radar beam. 100 km and 200 km appear as strong ionospheric clutter at 11:00am but they disappear on the data recorded just one hour later. Ionospheric clutter certainly blocks target signals.
B. OCEAN CLUTTER
Echoes from EM wave -ocean wave interaction is called ocean clutter. The dominant contribution is produced by scatter from ocean waves having a wavelength half that of the radar wavelength, and moving radially to and away from the radar site. These returns exhibit two distinct Doppler frequencies, f D = ± (g/πλ) 1/2 [Hz] (called Bragg peaks), corresponding to the velocities of the propagation of these ocean waves [4] . Here, λ is the radar wavelength, and g is the acceleration due to gravity. Figure 5 shows Doppler spectra vs. range recorded at 3.6 MHz along a given radar beam. The signal strength color scale in dB is also given. Strong Bragg peaks as well as ionospheric clutter around 200 km range are clearly observed in this figure.
C. SURFACE WAVE PROPAGATION AND MIXED-PATH EFFECTS
Surface wave path loss prediction over multi-mixed ocean paths (i.e., ocean -land -ocean transitions) at HF band (i.e., 3 -30 MHz range) is challenge [20] - [35] . In this frequency band, surface wave propagation along nonhomogeneous paths can significantly be affected by the surface losses (due to the ground conductivity and permittivity). Vertically polarized EM waves can propagate up to several hundred km ranges in this band. Operation at 3 -6 MHz (i.e., at the lower end of the HF band) makes it possible to reach ranges up to 400 km -500 km with surface waves. This is merely because of the high conductivity of ocean water which results in relatively low attenuation of the vertically polarized radio waves. Two examples are given in Figs. 6 and 7.
In these two figures, the effects of a 10 km -long island with a Gaussian hill at 15 km range is shown. Extra path loss (up to 20-30 dB) over the island and signal recovery (up to 20-30 dB) beyond is observed. Also, it is worthwhile to mention that the path loss decreases (i.e., signal increases) in front of the island. The opposite occurs behind the island.
D. RCS IN RESONANCE REGIME
At HF band, environmental (external) noise limits the performance of the HFSWRs which may be 30 -50 dB higher than internal (electronic) noise [4] . In addition, ionospheric clutter and ocean clutter levels may be 40 -70 dB higher than the target echoes. Therefore, the HFSWR target signature is embedded in this signal environment. The useful radar signature is due to EM waves -target interaction and contains information related to the target structure; this is called target radar cross section (RCS). EM wave -target interaction is classified in terms of the target's dimensions and the radar wavelength. RCS is a measure of EM reflectivity of a target and depends on target's geometry, its electrical properties, and the radar frequency. There are three RCS regimes where significant scattering differences occur [36] . They are: (i) Rayleigh regime (i.e., low frequencies where the target dimensions are much less than the radar wavelength; (ii) Resonance regime (i.e., medium frequencies where the target dimensions and the radar wavelength are of the same order; and (iii) Optical regime (i.e., high frequencies where the target dimensions are very large compared to the radar wavelength).
The HFSWR wavelength is between 50 m -100 m therefore the RCS region of interest is the resonance regime [36] - [43] . In this regime, RCS of a target depends on the whole structure with a few dominating scattering centers on the target [36] . Figure 8 presents RCS vs. frequency of two typical air targets for two different illuminations. The solid and dashed lines in this figure belongs to F117 and B29 air targets, respectively. As well-known, F117 is a low-visible (stealth) air target but B29 is a high visible bomber. On the left, comparisons of their RCSs for side illumination is given. As seen, the difference between low and high observable air targets maybe more than 20 dB. On the right, the angle of illumination is changed so that the radar observes both air targets slightly from the top (i.e., both exhibit significant specular reflection surfaces). The difference between their RCS contribution becomes very small so that both air targets become visible. Figure 9 shows RCS vs. angle of an F16 fighter jet aircraft at two different frequencies for two different angles of illumination. The top ones correspond to the resonance RCS regime, the bottom ones belong to quasi-optical RCS regimes. As observed, angular sensitivity increases as the frequency increases from resonance to optical regimes [42] .
E. HIGH FALSE ALARM RATE
The total received echo contains information related to (i) surface and/or air targets, (ii) EM wave -ocean wave interaction (i.e., sea clutter), (iii) EM wave -ionosphere interaction (i.e., ionospheric clutter), (iv) noise, and (v) interference, some of which may exceed the target signal up to 50 -70 dB.
The HFSWR is a coherent device, and it discriminates targets from other undesired signals on the basis of their FIGURE 9. RCS vs. frequency of typical air targets at resonance regime [42] .
differing Doppler shifts caused by radial velocity differences. First, time gating is applied and ranges are separated. Then, azimuthal (cross-range) separation is done via electronic beam steering. Coherent integration in each radar cell (i.e., at each range and cross-range) yields time series of the total received echo. The Doppler spectrum of each radar cell is then obtained using Fast Fourier Transform (FFT) [44] - [49] .
A target echo is mainly the result of scattering from vertical structures. This echo has a Doppler shift that is proportional to the target's radial velocity, which, in turn, linearly depends on the radar carrier frequency. The ocean echo, although a continuum, is dominated by two large peaks, which are the result of Bragg resonant scatter [2] - [6] . These Bragg lines have Doppler shifts that are proportional with the phase velocity of the Bragg-matched ocean waves. These Bragg peaks depend on the square root of the radar carrier frequency. Typical Doppler spectra extend from 0.0 Hz to ±4.0 Hz and from 0.0 Hz to ±15.0 Hz for surface and air targets, respectively.
A typical Doppler spectrum is plotted in Fig. 10 . A 35 mlong test ship Anne Pierce is also present in this radar cell [4] . The noise floor and two possible CFAR detection threshold are also shown with horizontal solid lines. As observed, ocean clutter causes strong echoes up to 20 dB higher than the target echo. This example clearly illustrates that SWHFRs operate with extremely high false alarm rates. A 30 min detections with this WAS system is pictured in Fig. 11 . Note that, false alarms are very high, but their elimination is still possible with the help of intelligent tracking algorithms. A few possible targets with their routes are marked in this picture.
III. A STAND-ALONE HFSWR SIMULATOR
A stand-alone HFSWR simulator must overcome all the challenges discussed above. One simulator was developed VOLUME 7, 2019 in [44] - [49] . Two typical simulator windows are pictured in Fig. 10 . On the left, the scenario window is shown. Here, the user selects a digital map of the region of interest, locate the SWHFR, and then specify its coverage. Each surface targets (i.e., different size ships) are then introduced with its sailing and/or anchor route. This created scenario will be the ground-truth. Once, the scenario with multiple targets is finished, the user may run the simulator. The right window in Fig. 12 shows the radar coverage, the receiver beam and range gates. A track is also shown in this window. The comparison of the simulator output with the ground-truth gives the radar performance [44] .
The simulator first identifies each radar cell and then coherently integrate detected signals in the time domain. Finally, Doppler spectrum of each radar cell is obtained via FFT and detections are recorded. Ghost targets are eliminated via the tracking algorithm, which is nothing but a typical Kalman filter.
The day and night time detection ranges of typical real targets obtained with the Canadian WAS system [4] are given in Fig. 13 . As shown, the detection ranges of different targets vary from 150 km to 500 km depending on their sizes. Also, up to 40 km -60 km differences maybe observed between day and night time detection ranges because of the severe ionospheric clutters.
HFSWR systems do not need very high technology equipment, but well-understanding the physics of surface wave propagation over multi-mixed paths, target reflectivity, ocean and ionospheric clutters, spectrum management in densely occupied HF frequencies, etc., are essential. The performance of HFSWRs directly depend on intelligent signal processing algorithms for the elimination of environmental noise and clutter as well as for the detection and tracking. A block diagram of a typical HFSWR receiver is given in Fig. 14. 
IV. CONCLUSION
The wide area (up to several hundred km range and 90 • -120 • cross range) surveillance systems are used to gather and analyze information from a number of different sensors and sources. Systems based on HFSWRs face with several challenges from ionospheric and ocean clutter to environmental noise, target scattering to signal processing algorithms, such as detection, tracking, and identification. Non-linear, non-homogeneous, time-varying nature of the ionosphere and ocean surface makes the detection task extremely difficult. This necessitates stochastic modeling and the application of novel techniques, such as, neural network and chaos theories, to overcome these problems.
Several other sensors such as microwave radars, day and night-time cameras, etc., may also be used in these WAS systems, in addition to HFSWRs. These sensors may be at fixed locations or maybe mobile (located on moving vehicles such as trucks or aircraft). Different sensors have different physical characters and supply different information therefore their fusion is also challenge. Parallel to deeper understanding of the physical characteristics of such information better signal processing (i.e., detection, tracking and identification) algorithms may be developed.
